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I.  IN'THOnUCVriON 


Individual  carbun  libt'r  tilainents  can  bt*  released  from  carbon-fiber 
reiiiforied  composites  vv'hen  tbe  latter  are  subjected  to  severe  environinental 
conditions  such  as  fire,  explosion,  impact,  and  wear.  The  highly  elec¬ 
trically  conductive  libers,  so  released,  can  interact  with  electrical  equij)- 
ment  and  cause  their  malfunction  by  such  plienomena  as  short  circuits, 
arcs,  and  loronas. 

lU'cause  of  the  potential  for  incri-as»‘d  use  of  carbon  fibers  for  aero¬ 
space  and  autouvotive  applications  and  for  a  variety  of  consumer  products, 
the  chanties  of  contamination  by  airborne  fiber  are  also  increasing.  F'urther- 
more,  because  the  fibi*rs  are  stiff,  strong,  and  have  low  diuisity,  they  are  used 
in  composites  to  reduce  weight,  which  is  an  important  factor  in  conserving 
energy.  Industries  have  already  committed  large  capital  expenditures  for 
n\aterial  developnient  and  are  planning  further  expansions  for  production  pro¬ 
vided  that  the  potential  threat  of  airborne  fibers  can  be  controlled. 

A  Carbon  Fiber  Study  Group  was  convened  by  the  Office  of  Naval 
Research  (ONR)  to  consider  whether  or  not  tlie  fiber  resistance  of  carbon 
fiber  could  be  increased  sufficiently  to  minimize  the  hazards  to  electrical 
equipment.  The  group  considered  whether  or  not  the  modifications  to  the 
fiber  resistance  could  be  acconiplished  without  undue  sacrifice  to  the 
modulus  and  strength. 

The  objective  of  the  study  was  to  define  research  approaches  that 
might  alleviate  the  potential  problems.  The  conclusions  and  recommenda¬ 
tions  are  based  on  discussions  with  experts  in  fiber  manufacturing,  fiber 
utilization,  and  the  influence  of  fibers  on  electrical  equipment  malfunctions. 
The  effects  of  variations  in  the  composition  and  morphology  of  the  fiber  on 
the  electrical  resistance  and  mechanical  properties  were  also  considered. 

The  conclusions  were  made  largely  on  the  basis  of  unpublished  information 
and  on  analyses  performed  by  committee  members. 
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Thf  results  of  the  study  are  published  as  two  separate  reports:  The 
Fxei-utive  Summary,  0  39-160-1  (TR-0078(  372  1  -  1  1)- 1 ),  and  The  fcjcecutive 
Summary  combined  \vdth  background  information,  039-  160-2 
(TR-0078(3721-1  n-2). 
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[I.  CONCLUSIONS  AND  RECOMMENDATIONS 

A.  CONCLUSIONS 

The  extent  of  the  problem  of  carbon  fiber  release  as  a  hazard  to  the 
operation  of  electrical  equipment  and  its  relationship  to  major  disruptions 
has  not  been  fully  evaluated  and  indeed  may  be  overstated.  ^  The  severity 
of  the  hazards  needs  to  be  ascertained  by  means  of  a  risk  analysis  with 
appropriate  experimental  data. 

It  is  technically  feasible  and  routine  in  most  industrial  plants,  par¬ 
ticularly  those  Involved  in  the  production  and  handling  of  carbon  fibers,  to 
protect  electrical  equipment  against  carbon  fiber  intrusion.  The  balance 
between  the  cost  of  protection  and  the  potential  hazard  must  be  evaluated 
for  each  situation.  A  combination  of  awareness  of  the  problem,  good 
housekeeping,  hardening  of  equipment,  and  reduction  of  the  release  of  highly 
conducting  fibers  will  reduce  the  hazard  to  acceptable  levels  relative  to  the 
benefits  to  be  derived  from  the  use  of  ca rbon-fibe r- reinforced  plastics  and 
resins. 

Analysis  of  the  breakdown  of  electrical  circuits  indicates  that  three 
voltage  ranges  might  be  considered;  low  (less  than  18  V),  medium  (18  to 
500  V),  and  high  (greater  than  500  V).  In  the  high-voltage  regime,  the  high 
conductivity  of  carbon  fibers  does  not  present  any  additional  hazards  other 
than  those  already  experienced  by  other  high-voltage  pollutants  such  as  sea 
or  road  salt,  cement  dust,  and  bird  droppings. 

Hazards  in  all  voltage  regimes  can  be  reduced  by  several  methods, 
for  example,  the  prevention  of  accidental  dispersion  of  fibers  by  containment, 

"Carbon  Fiber  Study,"  NASA  Technical  Memorandum  78-718  (May  1978). 
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the  use  of  nunflaniiiiable  matrices  in  composites,  anti  the  catalysis  of 
low-temperature  oxidation  of  fibers.  In  the  low  and  medium  voltage  regimes, 
coating  the  fibers  with  an  insulating  material  or  increasing  the  resistance  of 
the  fibers  can  also  reduce  the  hazards.  In  theory,  it  is  possible  to  increase 
the  settling  rate  of  dispersed  fibers  by  increasing  the  diameter;  in  practice, 
only  small  increases  in  diameter  and  hence  settling  rates  can  be  achieved. 

A  serious  problem  might  arise  in  disposing  of  scrap,  broken,  or 
obsolete  parts.  This  problem  may  exceed  that  generated  by  accidental 
release  in  service.  The  burning  of  junked  items  under  uncontrolled  condi¬ 
tions  is  a  principal  cause  for  concern. 

There  are  no  quick-fix"  solutions  for  reducing  or  eliminating  the 
potential  hazard  occasioned  by  dispersed  carbon  fibers  by  modifying  the 
materials  used  in  composites.  Any  such  modifications  will  require,  at  best, 
several  years  for  development,  evaluation,  and  requalification  before  the 
composite  can  be  certified  for  use. 

In  the  low  voltage  regime  {<18  V  )  an  important  parameter  is  the  con¬ 
tact  resistance  and  associated  punch-through  phenomenon  in  addition  to 
fiber  bulk  resistance.  Pune h- through,  the  penetration  of  surface  barrier  films 
by  the  fibers,  can  occur  at  about  2  V.  Surface  resistances  greater  than  10^ 
ohm/cm  would  significantly  reduce  the  hazard  for  single-fiber  bridgings. 

No  general  conclusions  can  be  made  concerning  fiber  resistance  require¬ 
ments  independent  of  circuit  impedance  to  minimize  the  problem  in  the  medium 
voltage  regime  (18  to  500  V)  because  of  the  many  diverse  applications  involved. 
However,  preliminary  studies  indicate  that  bulk  resistances  greater  than  10^ 
or  10^  ohm/cm  significantly  reduce  the  probability  of  arc  initiation,  and  re¬ 
sistances  greater  than  lO*^  ohm/cm  reduce  the  danger  of  shock  to  personnel. 

Fiber  resistance  is  considered  to  play  an  important  part  in  causing 
equipment  failure.  Typical  commercial  fiber  resistances  range  from  90  to 
15,000  ohm/cm  with  many  near  2000  to  8000  ohm/cm. 
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C  urii’Ht  <‘vi(K‘rn.«*  Uidic.itt*^  tfuit  Hi  t's  of  10^*  dIuh/cih  c;ih 

probably  bf  attaitifii.  I 'oly  at.  r  vlom  t  r  1 1 1-  (PAN)-basf  carbon  libt-rs  can  now 
bf  product'll  with  4.07  OPa  (10  \  10^  psil  modulus,  2.07  C'll’A  (100  x  10-^  psi) 
tfiisilf  stronuth,  and  2  x  lo''  ohm /cm  by  rttaininp  .ipprt'ciablc  nitrojtcn.  The* 
t'xtt-nt  of  improct'mt'iu  that  can  bt*  obtaintti  and  the  t*fft*cts  of  fire  on  the  fiber 
resistance  is  not  yet  certain.  further  research  is  reiiuired. 

Ihe  prepar.ition  of  intercalation  compounds  from  carbon  fibers  to  in¬ 
crease  the  electrical  resistisitv  while  maintaining;  the  hi(,;h  modulus  offers 
little  potential  for  reducing;  the  airborne  fiber  haz.ird.  The  use  of  inter¬ 
calation  processes  to  prepare  stable  materials  with  hij;h  resistivities  may, 
however,  be  possible.  Because  many  materials  intercalated  or  otherwise 
placeil  into  carbon  fibers  tend  to  be  unstable,  composite  a^ing  problems  and 
the  dej;radation  of  interfacial  bonding  may  result. 

f.xamination  ot  available  res  ist  ivit  y- mvidulus  -  st  renjjth  data  for  various 
fiber  typi'S  indicates  tliat  the  PAN-base  fibers  appear  to  offer  the  most  prom¬ 
ising  compromise  for  ameliorating;  the  airborne  fiber  problem.  The  available 
pitch  fibers  are  much  more  conducting;  at  equivalent  moduli.  However, 
because  research  on  increasing  the  resistance  of  pitch-type  fibers  is  not 
as  advanced  as  that  on  PAN'-base  fibers,  these  should  not  be  eliminated 
from  consideration  as  alternative  fibers  for  the  airborne  fiber  problem. 

A  low-temperature  processing  approach  appears  to  iiave  merit  in 
increasing  resistance  because  of  the  retention  of  foreign  atoms  and  increased 
disorder  of  the  crystallites  in  both  PAN’-  and  pitch-base  fibers.  However,  it 
has  not  been  established  whether  or  not  £icceptable  fiber  mechanical  proper¬ 
ties  can  also  be  maintained  by  this  method. 

rile  application  of  a  coating  to  fibers  appears  to  be  a  promising 
approach  for  either  increasing  the  surface  resistance  or  preventing  dis¬ 
persal  of  free-flying  fibers.  Care  must  be  taken  to  ensure  that  the  desirable 
properties  of  the  fiber  or  the  adjacent  matrix  are  not  degraded. 

Insufficient  inforniation  exists  about  the  electrical  and  mechanical 
properties  as  well  as  the  surface  and  bulk  morphology  of  fibers  released 
from  multicomponent  conipusites  after  exposure  to  different  types  of  severe 
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e n V I roanie nt s  such  as  inipact  and  fire  or  explosion  or  both.  Such  information 
IS  necessary  for  risk  analysis  calculations  in  order  to  evaluate  more  accu¬ 
rately  the  effectiveness  of  any  proposed  material  modifications. 

B.  R  FX  Q.M M P:N' D.M  IONS 

The  recommendations  given  here  are  not  ranked  by  priority  within 
each  category. 

1.  ge;nf;r.m.  co.nsidf;  rat  ions 

a.  Risk  analysis  must  be  expanded  to  include  all  current  and 
potential  niajor  applications.  Sources  for  the  utilization 
of  fibers  considered  should  include  automotive  and 
industrial  applications,  sporting  gov'ts,  and  aerospace 
applications.  Consideration  should  be  given  to  release 
mechanisms  of  fiber  other  than  by  burning  or  explosion 
or  both,  e.  g.  ,  wear-erosion  of  carbon-carbon  brakes. 

b.  In  order  to  prevent  duplication  of  efforts,  an  information 
and  coordination  system  should  be  established  among 
those  organizations  concerned  with  the  problem  of  airborne 
carbon  fibers. 

c.  Information  on  the  potential  hazards  in  the  use  and  disposal 
of  carbon  fibers  should  be  communicated  to  the  users  of 
carbon  fibers  by  the  manufacturer. 

d.  Methods  should  be  developed  and  evaluated  for  the  disposal 
of  carbon  fiber  in  a  manner  that  is  safe  now  and  in  the 
future. 

2.  sPFXiFic  resf:arch  approaches 

a.  Work  should  be  carried  out  on  matrix  systems  to  minimize 
fiber  dispersal.  The  objective  would  be  to  limit  the  dis¬ 
persion  of  fibers  by  providing  better  fiber/matrix  bonding 
and  higher  char  yield  to  hold  fibers  together.  Char  on  the 
fiber  may  also  enhance  its  surface  resistance.  Considera¬ 
tion  should  also  be  given  to  the  development  of  special 
matrices  to  enhance  the  oxidation  of  the  fibers  when  exposed 
to  fire. 

b.  The  retention  of  nitrogen  in  the  PAN-base  carbon  fibers 
has  been  shown  to  yield  increased  resistance.  The  extent 
to  which  resistance  can  be  increased  without  sacrifice  of 
mechanical  properties  should  be  examined. 


c.  liecaust-  nitrogen  retention  yields  increased  resistance,  other 
foreign  atoms  should  be  considered  for  incorporation  into  the 
carbon  structure  in  order  to  obtain  desired  properties. 

d.  More  intensive  work  should  be  directed  toward  the  coupling  of 
mechanical,  electrical,  and  morphological  properties  of  the 
fibers.  Most  studies  have  concentrated  on  either  the  combined 
mechanical-morphological  or  the  electrical- morphological 
properties  but  not  on  the  coupled  interactions.  The  coupled 
interactions  should  also  be  studied  in  cases  where  intercala¬ 
tion  processes  result  in  stable  carbon  compounds. 

e.  Alteration  of  various  processing  conditions  prior  to  heat 
treatment,  including  precursor  modifications,  fiber 
spinning,  and  stabilization  conditions  should  be  undertaken 
for  both  PAN  and  pitch  precursors  in  order  to  optimize 
fiber  properties, 

f.  The  application  of  coatings  to  fibers  that  form  either 
insulating  chars  or  high-resistance  fibers  on  exposure  to 
fires  should  be  investigated.  A  promising  coating  system 
appears  to  be  based  on  a  carborane- siloxane  system. 

g.  Detailed  evaluations  should  be  made  of  the  fibers  that  are 
released  from  composites  that  have  been  exposed  to 
environmental  conditions  such  as  impact  and  fire.  These 
evaluations  should  include  values  of  surface  and  bulk 
electrical  conductivity,  morphology,  and  in  particular 
their  surface  conditions.  This  information  would  be  used 
in  risk  analysis  for  determining  the  probability  for 
disabling  equipment.  Particular  attention  should  be  given 
to  investigation  of  the  condition  of  the  fibers  after  the 
incident. 

C.  DISCUSSION  OF  RECOMMENDATIONS 

The  paragraphs  presented  here  are  keyed  to  the  corresponding  recom¬ 
mendation  presented  in  the  preceding  section. 

(la)  The  risk  analyses  thate  are  now  available  and  in  preparation  are 
mostly  concerned  with  the  application  of  carbon  fiber  technology 
to  aircraft  and  aerospace  vehicles.  Carbon  fibers  may  well  find 
wide  use  in  the  automotive  industry  and  are  being  used  in  other 
civilian-oriented  markets  such  as  sporting  goods  and  industrial 
equipment.  Consequently,  risk  analyses  should  be  expanded  to 
include  the  manufacture,  use,  and  planned  or  accidental 
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(It*8t  riu'tioii  III  auch  tleiiiii  at*  autonuiltileti  and  rackflu. 

The  im«*  id  l  a  rliiiu- lilif  r - ciM\tainin>i  pruditcta  l>y  tlit*  military  iti 
aul>jt*i't.  III  pr iiiciplt* ,  to  ti^ht  rotitml  nt  iiue  and  dittpimal.  I'hia 
I'liiitrnl  IK  iu>t  availaldf  tiir  tlio  iiaf  and  diapotial  i)t  carlion  tilier 
prodvictu  liy  tlu-  ptipulaliiin  at  lai-);**,  Miaguidc'd  or  nf^ligent 
manipulation  o(  carbon  tibora  could  reault  in  aerioua  problema. 

A  aurvey  abould  !>«•  madt*  and  kept  current  to  identity  other  poten¬ 
tial  anil  actual  uaea  ot  tibera  and  the  riaka  Involved  in  their 
a ppl iiat ion.  (.’ont iiuioua  uae  ot  carbon  tiber  producta  will  alao 
reault  in  tbe  iliaperaal  ot  tibera  by  wear  and  eroaion  mechaniama. 
An  example  ia  larbon  tiber  aircraft  brakea,  whicb,  under  uae, 
mav  emit  a  tine  posvde  r  ot  carbon.  C'learly.  thia  and  other 
meihaniama  tor  diaperaal  muat  be  examined  and  included  in  tbe 
a  na I y  a  I  a . 

(lb)  In  oriier  to  prevent  iluplication  ot  ettorta,  an  intormation  exchange 
.ind  taak  coordination  ayatem  ahould  be  eatabliahed.  At  a  recent 
meetum  held  by  N.ASA,  conipaniea,  H  univeraitiea ,  and  22 
government  inatallationa  were  preaent  and  reported  involvement 
in  varioua  aapecta  ot  tbe  carbon  tiber  problem.  Thia  roater  ot 
intereated  and  involved  orf;ani/.ationa  will  undoubtedly  continue  to 
expand,  and  the  j'eneration  ot  new  concepta,  analyaea,  and 
materiala  will  expand  accordingly.  C'oordinat ion  ot  thia  informa¬ 
tion  tlow  ia  eaaential  tor  the  expeiiitioua  development  of  the 
overall  program  ami  awareneaa  by  the  public  uae  and  potential 
ha/.arda  ot  carbon  tibera.  A  leading  organization  in  the  field  of 
carbon  tiber  technology  ahould  take  reapoiiaibility  for  the  dia- 
aemination  of  intormation. 

(Id  The  many  uaera  ot  tibera  with  iliverae  eml-item  application  muat 
be  made  aware  ot  the  riaka  to  electrical  ecjuipiiient.  Only  a  few 
manutacturera  include  a  "potential  hazard"  label  on  packagea  ot 
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I'afimti  ttbfrd.  Moi'f  awart* ness  iii  the  rinks  should  hr  noted  by 
tiu  Uulin^  detailed  instruction  tor  proper  disposal  on  all  fiber 
pai  ka^«-s  shipped  to  customers.  Some  consideration  should  be 
j’iven  ti>  the  lar>;er  (piestion  of  whether  or  not  all  carbon  liber 
produits  shoulil  contain  warning;  labels  concerning  their  proper 
disposal. 

(Id)  Methods  tor  the  disposal  of  carbon  fibers  present  a  problem 

because  of  their  resistance  to  oxidation  and  the  ease  with  which 
they  can  be  dispersed  in  the  air.  A  common  method  of  disposal 
is  to  bury  plastic  ba>(s  of  fibers  in  a  controlled  land  fill.  No 
information  is  available  about  the  subsequent  dejjradation  or 
pv>tential  dispersal  within  such  sites.  Other  methods  of  disposing 
of  fibers  and  parts  containing  fibers  should  be  investigated  before 
the  (iroblem  becomes  acute  or  extremely  expensive  or  both 
because  of  the  lack  of  proper  containment. 

(.la)  f^irbon  fibers  are  released  from  composite  matrices  by  failure 
of  the  fiber  matrix  bond  on  impact  and  ex()losion  or  by  the  pref¬ 
erential  combustion  of  the  matrix  in  a  fire.  C'onsecjuently , 
desirable  matrices  would  be  those  impact- resistant  materials 
that  give  the  required  structural  properties  of  the  system  coupled 
with  enhanced  or  tumescent  char  yields  during  combustion.  The 
preferential  combustion  of  matrices  could  be  mitigated  by  the 
synthesis  of  polymers  that  have  good  fiber  coupling  and  fire- 
retardant  properties  and  produce  a  tumescent  char  during  con\- 
bustion.  It  is  well  within  the  present  state  of  polymer  science 
to  approach  these  problems  with  some  assurance  of  success, 
and  such  efforts  of  this  sort  should  be  emphasi/.ed. 

(2b)  It  has  been  noted  that  PAN-base  fibers  processed  at  low  tempt'ra- 
tures  to  give  reasonable  strength  and  modulus  values  also  give 
higher  resistance.  I-'urther  research  and  development  are 
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nccfssary  in  ordt-r  to  deternuno  the  limits  of  the  method  for 
optimizing  tlie  resistance  versus  the  mechanical  properties  of 
these  fibers. 

(2c)  If  the  improved  resistance  of  PAN-base  fibers  is  a  direct  result 
of  nitrogen  retention,  other  types  of  additives  should  be  investi¬ 
gated  to  determine  if  they  can  be  incorporated  into  the  carbon 
fiber  structure  in  order  to  increase  resistance  while  retaining 
suitable  mecl^anical  properties  and  matrix  adhesion.  Additives 
that  are  stable  at  high  processing  temperatures  and  can  withstand 
exposure  to  fire  would  be  highly  desirable. 

(2d)  In  order  to  obtain  optimum  fiber  properties,  a  sonAewhat  disordered 
microstructure  may  be  desired.  Highly  conducting  carbons  have 
a  very  highly  ordered  carbon  microstructure.  Studies  on  the  elec¬ 
trical  characteristics  of  carbon  fibers  have  usually  been  carried 
out  with  the  use  of  commercially  produced  materials.  There  is 
very  little  data  available  on  the  influence  of  processing  conditions 
on  both  mechanical  and  electrical  properties.  Such  studies  should 
be  undertaken. 

(2e)  More  sophisticated  uses  of  carbon  fibers  may  require  physical 
properties  than  can  only  be  attained  from  one  of  the  precursor 
fibers.  For  example,  there  are  certain  applications  for  the 
military  where  a  modulus  near  683  GPa  (100  x  10  psi)  is  required. 
This  value  indicates  consideration  of  a  pitch-  rather  than  a  PAN- 
base  fiber.  In  contrast,  PAN-base  fibers  can  be  produced  with 
a  higher  electrical  resistance  and  still  retain  a  higher  modulus 
value  as  compared  to  a  pitch-base  fiber.  Consequently,  no  class 
of  fibers  should  be  eliminated  and  considered  unsatisfactory. 

Rather,  tradeoffs  may  have  to  be  made  and  more  knowledge 
obtained  about  the  interactions  between  properties.  In  consider¬ 
ing  these  precursors,  practically  no  effort  has  been  made  to 
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modify  tlu-  i Diupottition  or  structurt-  or  both  of  thr  precursor 
materials  used  in  I  AN-  or  pitch- base  fibers  to  enhance  resis¬ 
tance  yet  retain  ^ood  mechanical  properties  of  the  resulting 
carbon  fibers,  h’urthermore,  if  low-temperature  processinji 
IS  the  correct  method  of  increasing  fiber  resistance,  modifi¬ 
cations  in  the  as-spun  fiber  structure  should  have  marked 
effects  on  the  ultimate  carbon  fiber  properties.  Many  carbon 
fibers  have  a  highly  ordered,  conductive  skin  with  a  less -ordered, 
less-conductive  core.  Adjustments  in  the  fiber  formation  and 
fiber  stabilization  processes  may  alter  the  fiberial  structure  and 
skin-core  gradients  and  yield  improved  overall  properties. 

There  is  little  published  evidence  available  on  how  the  fiber 
formation  and  the  stabilization  processes  influence  subsequent 
processing  and  properties  of  carbon  fibers.  Little  effort  has 
been  directed  toward  determining  the  influence  of  processing 
conditions,  morphological  changes,  and  intercalation  on  the 
combined  mechanical  and  electrical  properties  of  carbon  fibers. 
Such  studies  should  be  encouraged. 

(df)  Coating  the  fibers  with  a  highly  insulative  layer  is  one  way  to 

reduce  the  electrical  hazard.  The  insulation  can  be  obtained  by 
using  coating  materials  such  as  oxides  and  carbides  or  with  chars 
that  have  high  resistance  or  become  low-density  foams  that 
spatially  insulate  the  fiber.  Otlier  types  of  coatings  miglit  be 
beneficial,  such  as  polymeric  materials  that  thermally  decompose 
to  produce  a  char  or  residue  capable  of  holding  fibers  together  and 
provide  electrical  insulation,  l^olymetric  coatings  niay  also  be 
effective  for  landfill  disposal.  Any  coating  selected  should  be 
tested  to  determine  its  effect  on  composite  properties  and  whether 
or  not  it  remains  effective  after  dispersion. 
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The  ef('ectivet^es8  i>f  carhod  fillers  in  causing  flu*  clisruption  iif 
electrical  equipineiit  depends  on  their  bulk  and  surface  resistance. 
F'urthormore,  the  properties  of  fibers  expelle<l  from  the  composite 
may  differ  significantly  from  the  morphological,  electric.il  and 
mechanical  characteristics  of  the  original  fibers.  .Studies  should 
therefore  be  undertaken  to  determine  these  characteristics. 

Such  information  will  be  particularly  useful  in  the  risk  .inalysis. 
Methods  for  characterization  must  be  carefully  seli'cted  in  order 
to  preserve  the  post-environmental  test  character  of  the  fibers. 
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